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ABSTRACT 


A calorimetric  method  is  developed  to  measure  the  absorptance  of  IR 
laser  radiation  at  a metallic  interface.  The  absorptance  of  A1  and  Ti 
is  measured  at  various  angles  of  incidence  (10°  - 87°)  and  laser  polari- 
zations (parallel,  perpendicular,  and  random  relative  to  the  plane  of 
incidence).  Designing  the  metal  surface  to  be  approximately  the  size  of 
the  beam  and  using  a thin  (0.032  in)  sample  facilitate  the  simplifying 
assumptions.  The  average  incident  power  is  13  w/cm^.  For  the  laser 
polarizations,  parallel  and  perpendicular,  the  maximum  difference 
between  theoretically  and  experimentally  calculated  values  is  26  percent 
and  57  percent  respectively  for  A1  and  100  percent  and  500  percent 
respectively  for  Ti.  The  Ti  values  are  largely  attributed  to  surface 
roughness  (sanded)  and  oxidation.  Without  a Brewster  window  in  the  laser 
cavity,  a test  revealed  the  laser  polarization  was  not  50  percent 
horizontal  and  50  percent  vertical.  The  average  polarization  is  17  per- 
cent horizontal  and  83  percent  vertical. 


ABSOk?TANCE  OF  IR  LASER  RADIATION  AT  A METALLIC  INTERFACE 


AT  VARIOUS  ANGLES  OF  INCIDENCE  AND  POLARIZATIONS 

I.  INTRODUCTION 


Background 

The  absorptance  (a)  of  laser  radiation  at  a metallic  interface  has 
been  predicted  for  many  years  by  the  Fresnel  equations  in  Reference  1. 
The  absorptance  is  predicted  as  a function  of  the  angle  of  incidence 
(01 ) and  the  index  of  refraction  for  various  incident  radiation  polari- 
zations. Theoretical  calculations  for  randomly  polarized  light  normally 
assume  50  percent  parallel  and  50  percent  perpendicular  polarizations 
(relative  to  the  plane  of  incidence). 

Recent  tests  assuming  a random  polarization  of  incident  radiation 
have  indicated  the  absorptance  calculated  may  vary  from  theoretically 
calculated  values  by  as  much  as  a factor  of  three  (Ref  2:personal 
correspondence)  at  0i  = 80°  from  the  normal.  The  results  were  based  on 
the  metal  burn-through  time.  At  0i  = 10°,  the  calculated  absorptance 
was  approximately  1.4  times  greater  than  the  theoretical  values  (Ref  2: 
personal  correspondence).  The  above  tests  were  accomplished  at  high 
power  densities  (15  •^'*'/cm^)  on  unpainted  2024  aluminum  clad  metal  (0.032 
in.  thick). 

Present  Study 

The  purpose  of  this  study  is  to  measure  the  absorptance  at  various 
angles  of  incidence  (0i)  and  at  various  laser  beam  polarizations.  The 
absorptance  is  measured  for  a polished  aluminum  surface  and  for  a sanded 


titanium  surface.  The  angle  of  incidence  as  measured  from  the  normal  is 
varied  from  10  degrees  to  87  degrees.  The  absorptance  is  measured  for 
three  laser  beam  polarizations:  parallel,  perpendicular,  and  unpolarized 
relative  to  the  plane  of  incidence.  A calorimetric  method  is  utilized 
to  determine  the  absorptance  (a). 

For  the  readers  convenience,  the  Fresnel  equations  (Ref  1:628-633) 
are  presented  to  facilitate  the  comparison  of  existing  theoretical  values 
and  the  experimental  values  of  a. 

The  proposed  calorimetric  method  assumes  the  temperature  in  the 
metal  is  independent  of  position.  Evaporating  the  A1  or  Ti  onto  a Cu 
substrate  reduces  the  spatial  variation  by  increasing  the  thermal  con- 
ductivity of  the  metal.  The  metal  surface  area  is  designed  to  conform 
to  the  cross  sectional  laser  beam  area  to  facilitate  uniform  irradiation 
of  the  metal  surface. 

The  experimental  apparatus  and  procedure  simply  involve  irradiating 
a small  metal  surface,  measuring  the  incident  power,  and  recording  the 
temperature  increase  in  the  metal  sample. 

For  Al,  the  difference  between  theory  and  experimental  values  varies  as 
much  as  57  percent  over  all  0i  and  polarizations.  For  Ti,  these  dif- 
ferences vary  from  100  percent  to  500  percent.  Such  differences  maybe 
attributed  to  surface  conditions  (roughness  and  oxidation). 

Finally,  the  degree  of  polarization  for  the  unpolarized  laser  beam 
is  determined.  The  test  indicates  the  assumption  of  50/50  polarization 
is  not  valid. 


II.  -mEORY 


Fresnel  Equations 

When  light  is  incident  upon  a planar  metallic  interface,  the  light  is 
absorbed,  reflected,  and  transmitted  (thin  films).  If  the  metal  is 
thicker  than  the  skin  depth,  no  light  will  be  transmitted.  Therefore, 

a = 1 - R (1) 

where,  a is  the  absorptance  and  R is  the  reflectance.  The  reflectance 
is  predicted  by  the  Fresnel  equations  (Ref  1:629)  as  a function  of  the 
angle  of  incidence  and  the  index  of  refraction.  For  the  laser  beam 
polarization  perpendicular  to  the  plane  of  incidence,  the  reflectance  (Ry) 
is  (Ref  1:629): 


For  the  polarization  parallel,  the  reflectance  (R^)  is  (Ref  1:629): 
[rij*(l-k2*)  cosOi-rijUa]^  + [2r\^V.^  cos0i  - njVj]^ 

R.  3 

” [02*  (1-^2*)  cosOi+niUj]  + [2n|k2  cosei+  njVj]^ 

where,  the  complex  index  of  refraction  of  the  metal  takes  the  form: 

fi2  = n2(l+ik2)  (4) 

6i  is  the  angle  of  incidence  as  measured  from  the  normal  and  n^  is  the 
index  of  refraction  of  air.  The  values  of  U2  and  V2  are  determined 
from  (Ref  1:628): 

C 


3 


2Uj*  * n^(l-k|)  - nfsin^e,  + {Cn^ll-kj)  - nfsin^Bj]^  + An^k^P  (5) 


ZSi  = - [h2*(l-k2*)  - rH*s1n*ei  ] + {[nKl-kl)  - nj^sin^e,  + An^kl}*®  (6) 


For  random  polarization,  the  absorptance  (a^)  is  determined  by; 

a = (7) 

U 2 


The  theoretical  values  are  listed  in  Appendix  C for  A1  and  Ti  using  the 
constants  in  Appendix  E.  Calculations  for  an  Air/Ala O3/AI  interface  are 
in  Appendix  C using  the  equations  from  Reference  1,  page  633.  Two 
assumptions  are  used  in  the  later  calculations.  The  AljOs  is  assumed  to 
be  508  thick  and  the  imaginary  part  of  the  index  of  refraction  (1.76+.li) 
is  neglected  since  the  layer  of  Al^Oa  is  soo  thin  (Ref  3:344) 

Calorimetric  Theory  for  Calculations 

In  order  to  determine  the  absorptance  by  calorimetry,  one  must  first 
solve  the  heat  transfer  equation,  using  cylindrical  coordinates,  the 
temperature  distribution  in  the  metal  is  (Ref  4:17): 


3T  ^r9*T  ^ 1 3T  1 3*T  a^Tn 
— = — 7 + - — - + -7  T-7  + — 7J 


3t 


’3r^  r 3r  r*  30*  3z* 


•c  = -^  = diffusivity 


(8) 


(9) 


k = thermal  conductivity 
p * density 

and  C > specific  heat 

The  solution  to  equation  (8)  may  be  simplified  by  assuming  the  temperature 
in  the  metal  sample  is  approximately  constant.  The  rate  of  energy  increase  in  the 
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sample  is  equivalent  to  the  power  absorbed  less  the  losses  to  convection 
and  radiation.  Mathematically  (Ref  5:personal  communication), 

(PVC)  aP  - hA(T-Ta)  - cAod'-Ta**)  (10) 

If  we  assume  a small  temperature  change,  equation  (9)  may  be  expressed 
as 

(pVC)  oP  - ChA+cAoxTa']  (T-Ta)  (11) 

where 

V = the  sample  volume 

P = the  incident  power 

h = the  convection  coefficient 

A = the  total  sample  surface  area 

T = the  maximum  temperature  of  the  sample 

T.=  the  ambient  temperature 

a 

e = the  total  emissivity  of  the  sample 

the  Stephan-Boltzman  number  (altered)(  oi  = 4a) 

Tg-  the  ambient  temperature  in  (°K)’ 

and  (pVC)||^=  the  total  rate  of  increase  of  energy  in  the  sample. 

The  time  history  of  the  sample  temperature  will  consist  of  a positive 
(exposed  to  the  laser)  slope  and  a negative  (cooling)  slope.  For  an 
example,  see  Appendix  G.  The  negative  slope  is  due  to  convection  and 
radiation.  These  two  terms  dissipate  heat  during  the  positive  slope  por- 
tion also.  Therefore,  to  determine  one  must  add  the  absolute  values 

at 

of  the  positive  and  negative  slopes.  Equation  (11)  is  valid  as  long  as 
AT  is  not  too  large  (AT  « 2°C). 
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In  order  to  facilitate  the  isothermal  approximation,  the  size  and 
form  of  the  metal  surface  area  are  designed  the  same  as  the  laser  beam 
cross  sectional  area.  For  example,  at  0i  = 0°,  the  metal  surface  should 
be  circular.  At  6i  = 60°,  the  metal  surface  should  be  elliptical.  The 
dimensions  depend  upon  the  spot  size  of  the  beam.  The  following  equations 
are  used  to  determine  the  spot  size  (Ref  6:308,324): 

W(Z.)  . W,[l  + (13) 

9 = 1-5^  (14) 

where  w = the  radius  at  the  1/e  power  point 
L * the  cavity  length 
X - the  lasing  wavelength 

Rj*  the  radius  of  curvature  of  the  half  symmetric  laser 
resonator 

and  w(Zj)  is  the  spot  size  at  a distance  Zj  from  Wg.  For  a Gaussian 

beam  profile,  86  percent  of  the  total  power  is  within  a radius  of  w(Zi) 

and  99  percent  within  a radius  of  1.5  w(Zi)(Ref  5:313).  When  the 

Brewster's  window  is  mounted  in  the  laser  cavity,  the  cavity  length  is 

increased  and  therefore,  the  spot  size  is  increased.  For  the  laser  used, 

Ri*  10m,  L = 1.35m,  and  X = 10.6pm,  Wo  = 3.4  x 10”*m.  If  Zj  * Im, 

w(l)  “ 4 X 10"®m.  The  ellipse  dimensions  (major  axis  a and  minor  axis  b) 

should  be  based  on  1.5w(l)  or  6 x 10"*m.  The  minor  axis  dimension  (b) 

is  6 X 10~’m.  For  0i  = 70°,  the  major  axis  dimension  (a)  is  or 

COS0 1 

1.75  X 10"*m.  The  isothermal  approximation  asswnes  the  beam  distribution 
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Is  uniform,  not  Gaussian.  For  a nonuniform  beam,  a hot  spot  wi11  induce 
a significant  temperature  variation  in  the  sample. 

To  check  the  validity  of  the  isothermal  approximation,  one  can 
check  the  time  required  for  the  temperature  to  penetrate  the  thickness 
(z)  of  the  sample.  If  z is  small,  and  the  temperature  change  is  small, 
the  one  dimensional  heat  equation  is  approximately  (Ref  7:Personal 
communication) : 


therefore. 


(15) 

(16) 


Using  equation  (9)  and  the  values  in  Appendix  E for  A1  and  Cu,  if 
z = 0.0813  cm. 


tf^-  7 ^ 10‘^s 

t(^  a 6 X 10~*S 

Therefore,  the  axial  flow  of  heat  is  rapid  and  the  isothermal  approxima- 
tion should  hold  for  exposure  times  much  greater  than  t^. 

The  radial  flow  can  be  checked  in  a similar  fashion  with  the  following 
approximation  to  the  heat  equation  (Ref  7:Personal  communication): 

T > kT 

t"^  (17) 

therefore, 

t a (18) 

K 
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where  r is  the  radius  of  the  sample.  This  assumes  only  small  radial 
changes  in  the  temperature.  Using  equation  (18)  and  the  values  for 
A1  and  Cu  in  Appendix  E,  if  r = 1 cm, 

Ia  = 2 $ 
tc»1.7s 

These  values  represent  the  maximum  time  for  radial  flow  if  the  sample 
radius  is  1cm  greater  than  the  spot  size  radius.  If  the  sample  were 
0.5  cm  greater  than  the  spot  size, 

t|^  = 0.5  s 

tj.  = 0.4  s 

As  the  area  of  the  beam  approaches  the  surface  area  of  the  metal, 
r (Equation  18)  approaches  zero  as  does  the  radial  time  flow.  The 
resulting  time  is  much  smaller  than  the  time  of  exposure  of  the  metal. 
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III.  EXPERIMENTAL  APPARATUS  AND  PROCEDURE 


Experimental  Arrangement 

Figure  1 is  a block/line  diagram  of  the  experimental  arrangement. 

See  Appendix  H for  a parts  list.  The  HeNe  laser  is  coaligned  with  the 
CO2  laser  with  mirrors  one  and  two  for  easy  visual  alignment  of  the 
system.  Once  the  system  is  aligned,  mirror  one  is  removed  with  a later- 
ally adjusting  bench  mount.  Brick  one  is  simply  an  on-off  switch  for  the 
CO2  laser.  Any  part  of  the  system  can  be  changed  without  turning  the 
CO2  laser  off. 

The  CO2  laser  can  be  polarized  by  inserting  a factory  built 
Brewster's  window  in  the  resonator  cavity.  The  beam  exit  mirror  is  moved 
which  increases  the  length  of  the  cavity.  The  window  may  be  rotated  to 
change  the  polarization  from  parallel  to  perpendicular  to  the  plane  of 
incidence. 

The  incident  power  is  measured  prior  to  the  sample  exposure  with  the 
power  detector  and  meter.  The  power  is  recorded  on  the  same  graph  as  the 
temperature  curve. 

The  sample  is  suspended  between  three  plexiglass  rods.  The  rods  are 
notched  at  one  end  to  facilitate  mounting  the  samples.  No  parts  of  the 
rod  extend  beyond  the  front  surface  of  the  sample.  There  are  no  obstruc- 
tions between  the  sample  surface  and  the  beam  at  high  angles  of  incidence. 
The  rods  do  not  conduct  any  significant  amount  of  heat  from  the  sample  due 
to  their  low  thermal  conductivity.  The  rods  are  supported  by  an  aluminum 
ring  which  is  mounted  to  a nodel  bench  slide  with  lateral  and  azimuthal 
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Figure  1.  Experimental  Diagram 
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adjustments.  The  metal  sample  is  aligned  normal  to  the  HeNe  beam  by 
adjusting  the  reflected  beam  back  upon  the  original  beam.  Angular 
adjustments  about  a horizontal  axis  (pitch)  are  reproducible  within  one 
degree  and  azimuthal  adjustments  are  reproducible  within  one  degree. 

An  Iron-Constantan  thermocouple  is  used  to  measure  the  temperature 
rise  of  the  sample.  The  thermocouple  wire  is  supported  through  a 
plastic  sleeve  attached  to  a bench  mount.  The  semi-rigid  sleeve  is  used 
to  force  the  thermocouple  against  the  back  of  the  sample  with  a small 
springlike  force.  Approximately  1/8  inch  of  the  thermocouple  is  in 
contact  with  the  sample.  One  side  of  the  thermocouple  leading  from  the 
sample  proceeds  via  a metal  temperature  reference  block  and  then  on  to 
the  microvoltmeter.  The  other  side  proceeds  directly  to  the  micro- 
voltmeter. The  thermocouple  output  is  amplified  with  a micro voltmeter 
and  then  recorded.  The  recorder  has  a built-in  time  drive  which  enables 
one  to  record  the  temperature  as  a function  of  time. 

Sample  Description 

Each  sample  consists  of  a 0.0813  cm  copper  substrate  with  approxi- 
mately 400X  of  evaporated  A1  or  Ti.  Six  sample  sizes  were  made  for 
A1  and  six  for  Ti.  One  disc  of  radius  1.5  cm  is  used  for  Sj  = 10° 
to  0j  « 60°.  The  other  five  samples  are  ellipses  with  the  major  (a) 
and  minor  (b)  axes,  and  the  appropriate  angles  of  use  presented  in 
Table  I.  The  samples  will  be  referred  to  by  number  in  increasing  sizes. 
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TABLE  I 

Sample  Dimensions  and  Angles  of  use 


Sampl e 

Number 

a (cm) 

b(cm) 

Primary  angles 
of  use  (degrees) 

1 

1.54 

0.52 

60-70 

2 

2.28 

0.54 

70-80 

3 

3.09 

0.52 

80-83 

4 

4.19 

1.03 

83-85 

5 

7.05 

1.03 

85-87 

The  evaporation  procedure  for  A1  is  in  Appendix  A and  for  Ti  is  in 
Appendix  B. 

The  surface  conditions  of  the  Cu  substrate  determine  the  final 
surface  condition  after  evaporation.  The  Cu  substrate  for  the  A1  is 
wet  sanded  with  600A  and  400A  sand  paper  and  then  buffed  with  a polishing 
compound  and  a buffing  wheel.  The  Cu  substrate  for  the  Ti  is 
sanded  with  600A  and  4/0  sand  paper  and  then  hand  buffed  with  a crocus 
cloth  yielding  a much  rougher  finish. 

Experimental  Procedure 

This  procedure  assumes  the  HeNe  laser  is  aligned  as  described  previously 
and  also  assumes  an  understanding  of  the  experimental  apparatus  (Table  1). 

1.  Brick  one  is  placed  to  obstruct  the  COj  beam. 

2.  The  COj  laser  is  turned  on  for  a five  minute  warm  up. 

Normally  the  laser  is  adjusted  to  lOpA  current  and 
lOnm  of  Hg  pressure  which  yields  approximately  10 
watts  of  power,  if  polarization  is  required,  the 
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Brewster  window  must  be  Installed  prior  to  turning  on  any 
power  or  pressure. 

3.  The  sample  is  aligned  using  the  HeNe  laser  and  set  at  the 
desired  angle.  Brick  two  is  positioned  to  absorb 

the  reflected  beam  and  the  thermocouple  is  positioned  at 
the  back  of  the  sample.  Different  thermocouple  positions 

I 

were  utilized  to  check  the  temperature  variations. 

4.  The  power  detector  is  aligned  and  the  power  meter  is  con-  I 

nected  to  the  recorder.  The  desired  instrument  scales  are 

selected  (see  Appendix  D for  calibrations).  ' 

5.  Mirror  one  is  removed. 

6.  The  recorder  time  sweep  is  initiated  and  then  brick  one  is 
removed.  The  incident  power  is  normally  recorded  for  80 
seconds . 

7.  Brick  one  is  placed  back  in  position.  The  microvoltmeter  is 
connected  to  the  recorder  and  the  recorder  is  repositioned. 

The  power  meter  is  removed  and  at  this  point  the  sample  is 
enclosed  in  a plexiglass  box  to  reduce  air  currents. 

8.  The  recorder  time  sweep  is  initiated  and  brick  one  is  re- 
moved. The  time  of  exposure  was  varied  from  three  to  20 
seconds,  and  then  brick  one  is  placed  back  in  the  system. 

The  temperature  is  recorded  for  another  50  to  60  seconds  to 
determine  the  heat  losses. 

9.  A small  fan  is  used  to  cool  the  sample  back  to  room  tem- 
perature prior  to  the  next  test.  For  retests,  repeat  steps 
three  through  eight. 


i 
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Polarization  Check 


The  degree  of  polarization  of  the  laser  is  determined  experimentally. 
The  Brewster  window  is  removed  from  the  cavity  and  will  be  used  external 
to  the  cavity  for  this  check.  Two  terms  are  introduced  to  distinguish 
between  the  polarizations:  horizontal  polarization  (P^)  and  vertical 
polarization  (Py).  The  total  power  (P)  without  the  Brewster's  window  is: 

P = PV  + Ph  (20) 

All  the  power  polarized  parallel  to  the  plane  of  incidence  is  transmitted 
and  0.75  of  the  power  polarized  perpendicular  is  transmitted  for  the  NaCl 
window  at  the  Brewster's  angle  using  n = 1.488  for  NaCl  at  X = lO.Sym. 

The  transmitted  power  is  measured  for  the  plane  of  the  Brewster's 
window  (at  the  Brewster  angle)  vertical.  The  Brewster  window  is  rotated 
90  degrees  about  the  laser  beam  axis  and  the  power  is  measured.  Also, 
the  power  is  measured  without  the  window.  The  above  tests  were  run 
twice  (see  Table  II). 


TABLE  II 

Power  Versus  Brewster  Window  Position 


Test  Number 

Power  (w) 

Brewster  Window  Position 

Verti cal 

Horizontal 

Removed 

1 

3.17 

X 

2 

3.9 

X 

3 

3.95 

X 

4 

3.3 

x 

5 

3.9 

X 

6 

4.0 

X 

14 


t.  - 


For  the  window  position  vertical,  the  following  equation  will  hold: 

+ 0.75  Py  = P^  (21) 

where,  P^  is  the  transmitted  (measured)  power.  For  the  horizontally 
positioned  window,  (at  the  Brewster  angle), 

0.75  Ph  + Pv  = ^t  (22) 

For  the  case  of  no  window,  P^  = P in  Equation  (20).  Any  two  of  the 
equations  may  be  solved  to  determine  P^  and  Py.  Six  different  sets 
of  equations  were  solved,  and  the  average  P^  was  17  percent  with  mini- 
mum and  maximum  values  of  five  percent  and  30  percent  respectively. 

All  unpolarized  laser  beams  are  not  polarized  50  percent  parallel  and 
50  percent  perpendicular  to  a given  axis.  This  is  not  to  say  all  lasers 
favor  one  polarization  or  even  that  this  laser  will  yield  the  same 
results  again. 
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IV.  RESULTS  AND  DISCUSSIONS 


This  section  will  present  a sample  calculation,  a table  of  results, 
a comparison  of  theoretical  and  experimental  values,  and  an  estimate  of 
the  relative  error  contributions  to  the  heat  equation. 

Sample  Calculation 

For  sample  two,  A1  coated  (4008),  0.0813  cm Cu  substrate,  0i  = 40°, 
a = 2.28  cm,  b = 0.54  cm,  and  utilizaing  the  graph  and  constants  in 
Appendices  G and  E respectively,  the  following  calculatior  is 

appropriate. 


• 1-  ([(pVC)j  t (pvc)^]  ^ t + P.V 

(23) 

The  area  of  an  ellipse  is  irab  and  the  perimeter  (p)  is  4.4(a^+b^)  . 
Therefore, 


and 


V = irabz 

A =..irab  + pz 


Using  equations  (23),  (24),  and  (25), 

0^  =-^0.259  y.iaxlO-^T-Ta)] 


(24) 

(25) 


where,  T^  = 296°K.  The  following  instrument  scales  were  used: 
Microvoltmeter  = 300  V 

Recorder  Y = 0.1  V/in 

Recorder  t = 5 s/in 

Power  meter  = 30  w 
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Combining  the  calibrations  in  Appendix  D and  the  constants  in  Appendix  E, 
the  conversions  for  the  graph  in  Appendix  G are: 


Power  Conversion 


Temperature  Scale 

Therefore , 


IW 

[0.2389  cal /s'! 

0.102  V' 

0.347V 

V y 

1 w 

0.70 


cal/s 

in 


1°C 

'0.314mV'l 

0.102  JT 

[OSTmVj 

V 

TrT 

0.60 


°C 

In 


“H 


0.259[0.60  (0.2^]  [2.26] 


+ 7.13  X lO'** 

r 

0.60  i 

[2.2  in] 

1 inj 

^ ) 

= 0.026 

This  value  agrees  with  the  theory  for  0^  = 40®  as  listed  in  Appendix  C 
for  A1 . 


Tables  of  Results 

Table  III  is  a summary  of  the  average  calculated  values  of  a and 
of  the  mean  deviation  from  the  average  for  Al.  Since  the  variation  of 
the  thermocouple  position  was  inconclusive,  the  position  will  not  be 
listed.  The  absorptance  is  listed  at  various  0j  and  polarizations. 

Table  IV  is  a similar  summary  for  Ti. 
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Comparisons 

Six  graphs  are  utilized  to  facilitate  trend  comparisons  of  theore- 
tical values  with  the  experimental  (calorimetric)  values.  All  graphs 
have  the  theoretical  curves  for  the  bare  metal  as  presented  in  Appen- 
dix C.  The  first  three  graphs  are  for  A1  in  the  following  order  of 
polarizations:  o^,  and  a^j.  Similarly,  three  graphs  are  presented 
for  Ti.  The  scale  is  the  same  for  all  graphs  to  facilitate  compari- 
sons between  graphs. 

The  maximum  difference  between  theoretical  and  experimental  values 
in  Figure  2 (oj^)  is  26  percent  at  0j  = 85°.  The  majority  of  the  dif- 
ferences are  less  than  15  percent  for  0j  < 70°.  If  we  compare  the 
experimental  values  to  the  theoretical  values  for  an  Air/AljOs/Al 
interface  (Appendix  C),  the  maximum  difference  is  21  percent  at 
01  = 85°.  The  majority  of  the  other  differences  will  be  less  than 
10  percent  for  0j  < 70°.  The  differences  between  the  theoretical 
and  experimental  values  are  within  experimental  error. 

In  Figure  3,  (oy)  has  a maximum  difference  at  0^  = 80°  of 
57  percent.  The  next  largest  difference  is  33  percent  at  0^  = 70°. 
Although  the  percent  difference  is  large,  at  80°,  the  absorptance  is 
approaching  the  minimum  measuring  capacity  of  the  experimental  appar- 
atus. 

The  theoretical  values  in  Figure  4 (ay)  assume  a 50/50  random 
polarization  which  has  been  shown  to  be  in  error.  The  experimental 
values  of  Oy  and  may  be  used  to  find  Oy  for  a 50/50  polariza- 
tion. 

Figures  5,  6,  and  7 for  Ti  lend  themselves  to  the  same  analogies 
as  A1  with  a few  exceptions.  First,  the  theory  assumes  an  optically 


Absorptance  (a„) 


.5  r 


.4 


.3h 


— Theoreti cal 
e Experimental 


.2 


Angle  of  Incidence  (0, ) 


Absorptance  (a 


Figure  4.  Absorptance  of  Al.  Unpolarized. 
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Absorptance  (a|^) 


.8 


— Theoretical 

e 

.7  - e Experimental 


0 10  20  30  40  50  60  70  80  90 

Angle  of  Incidence  (ei) 


('  ^ 

Figure  5.  Absorptance  of  Ti. 

Polarization  Parallel  to  the  Plane  of 

Incidence. 
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1 

Absorptance  (a^) 


Figure  6.  Absorptance  of  Ti.  Polarization  Perpendicular  to  the  Plane 
of  Incidence. 


Theoretical 

• Experimental 


0 10  20  30  40  50  60  70  80  90 

Angle  of  Incidence 


Figure  7.  Absorptance  of  Ti.  Unpolarized. 
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flat  surface,  which  is  not  the  case  for  the  sanded  Cu  substrate  of 

Ti.  For  the  roughness  rms  depth  of  0.4  m,  the  absorptance  may 

increase  by  60  percent  at  6i  = 10°  to  15  percent  at  0i  = 70°  (Ref  8: 

198).  Also,  Ti  does  not  build  up  a protective  oxidation  layer  as 

does  A1.  The  Ti  will  continue  to  oxidize.  A 0.07  m layer  of  oxident 
will  increase  the  absorptance  from  0.086  at  0i  = 25°  to  0.2  (Ref  8: 
198).  This  is  a factor  of  2.3  difference  and  this  difference  would  be 
greater  at  higher  angles  of  incidence.  For  the  case  of  random  polariza- 
tion, the  experimental  values  decrease  with  increasing  0i.  This  is 
the  case  if  the  polarization  of  the  laser  is  17  percent  perpendicular  an 
and  83  percent  parallel. 

Error  Analysis 

A classical  approach  to  error  analysis  is  presented  in  Appendix  F. 
The  purpose  of  the  analysis  is  to  determine  which  factors  contribute 
the  most  error.  Table  V is  a comparison  of  the  relative  errors  for  the 
disc,  and  samples  one,  two,  three,  and  five.  All  the  analysis  was  for 
A1  (o^)  assuming  h (free  convection  coefficient)  and  e are  in 
error  by  100  percent.  It  is  important  to  note,  the  error  analysis 
does  not  address  a breakdown  in  the  isothermal  approximation  nor  any 
error  in  8i  or  the  polarization. 
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TABLE  V 

Error  Analysis  Summary 


Relative  Error 

Contributions 

Power 

Curve  Dependent 
Values 

Free 

Convection 

Radiation 

0.07 

.08 

0.17 

0.003 

0.06 

.07 

0.01 

0.001 

0.06 

.034 

0.04 

0.001 

0.06 

.03 

0.02 

0.001 

0.06 

.03 

0.08 

0.001 

Sampl e 


0.019  0.32 
0.02  0.14 
0.04  0.14 
0.13  0.11 
0.50  0.17 


V.  CONCLUSIONS  AND  RECOMMENDATIONS 

Conclusions 

This  report  presents  a straightforward  experimental  approach  to 
determine  the  absorptance  at  various  angles  of  incidence  and  at  various 
polarizations.  The  experimental  values  for  and  agree  with  the 
Fresnel  equation  for  smooth  surfaces.  If  one  calculates  Oy  from  Oy 
and  Oy,  Oy  (Al)  again  agrees  with  the  Fresnel  equations.  In  light  of 
the  breakdown  in  the  50/50  polarization  assumption,  Oy  for  Al  and 
Ti  are  not  anticipated  to  agree  with  theory.  The  tests  for  Ti 
should  have  been  with  a polished  sample  to  facilitate  comparison  with 
theory.  Two  of  the  samples  were  slightly  smaller  than  the  desired  1.5w 
which  could  induce  a five  percent  error  in  the  incident  power. 

In  conclusion,  the  isothermal  approximation  is  a valid  technique 
for  calculating  the  absorptance.  Also,  large  differences  in  calculated 
and  theoretical  values  would  be  anticipated  for  the  random  polarization 
if  the  actual  polarization  favored  either  parallel  or  perpendicular. 

To  accurately  predict  the  absorptance  of  an  unpolarized  beam,  one  must 
Insure  the  surface  conditions  are  smooth,  and  one  must  know  the  degree 
of  polarization  of  the  laser.  Fresnel  equations  do  not  apply  to  rough 
surfaces  without  a modification. 

Recommendati ons 

There  are  several  modifications  and  improvements  which  have  already 
been  mentioned.  The  convective  term  in  the  heat  equation  could  be 
decreased  by  placing  a thermal  insulator  against  the  back  side  of  the 
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sample.  Analysis  could  be  better  supported  if  the  power  and  another 
thermocouple  position  could  be  recorded  simultaneously  with  the  primary 
thermocouple.  A third  suggestion  is  to  determine  the  degree  of  polari- 
zation of  an  unpolarized  laser  prior  to  calculating  the  absorptance. 
Surface  preparation  is  critical,  if  the  theory  is  to  be  applicable  to 
the  experiment. 
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APPENDIX  A 


Evaporation  of  Aluminmn 

Prior  to  evaporation,  the  Cu  substrates  were  cleaned  with  a 
detergent  and  then  rinsed  and  dried  in  a denatured  alcohol  steam  bath. 
From  this  point,  the  samples  were  no  longer  touched  by  the  hand. 

The  evaporating  apparatus  consists  of  two  major  systems:  the 
vacuum  and  the  heat  source.  The  vacuum  chamber  utilizes  a standard 
vacuum  pump  and  a diffusion  pump  with  a capacity  to  reach  1 x 10~®mm 
of  Hg.  The  evaporation  is  monitored  through  the  chamber  walls. 

The  heating  source  is  a tungsten  coil  connected  to  a variable  power 
source  (electrical).  The  power  source  consists  of  a variable  autotrans- 
former and  a stepdown  transformer  (230v  to  7.5v).  The  current  through 
the  coil  may  be  varied  from  zero  to  100  amperes. 

First,  the  Al(99%)  wire  is  melted  onto  the  coil  at  5 x 10"®mm  of  Hg 
to  boil  off  any  impurities.  Approximately  30  amperes  of  current  is 
required.  After  the  vacuum  is  released,  the  Cu  is  mounted  in  the 
chamber  approximately  seven  inches  from  the  coil.  During  evaporation 
(5xl0"‘nin  of  Hg)  the  coil  is  visually  monitored  through  a glass  slide 
approximately  seven  inches  from  ti.*- coil . When  the  coil  can  no  longer 
be  seen,  the  current  is  turned  off  and  the  depth  of  A1  is  assumed  to 
be  400S.  The  only  significance  of  the  depth  is  that  it  be  greater  than 
the  skin  depth  (lOoA). 

c 


33 


APPENDIX  B 


I 


M 


1 

I 

I 


Evaporation  of  Titani urn 
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APPENDIX  B 


Evaporation  of  Titanium 

An  electron-beam  gun  heat  source  is  the  primary  difference  between 
the  evaporation  of  A1  and  Ti.  The  e-gun  source  and  control  unit  are 
made  by  Varian  Vacuum  Division  (Model  922-0020).  The  Ti  is  supported 
by  an  externally  controlled  sliding  tray  which  facilitates  adjustments 
during  the  evaporation  process.  This  method  is  used  to  reduce 
impurities  incurred  by  the  high  evaporation  temperatures.  The  skin 
depth  of  Ti  is  approximately  450A. 
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Theoretical  Absorptances 


APPENDIX  D 


( 

Instrument  Calibrations 

1.  Coherent  Radiation  Laboratories  Model  201  power  meter  and  detector. 


Scale  = 30  watt 

Output  = 0.0347  ' 

2. 

F.  L.  Moseley  Company  Model 

7000A  x-y  Recorder 

Scale 

Calibration 

Y = 0.1  v/in 

0.102  v/in 

t = 5 v/in 

5.02  s/in 

3. 

Keithley  Instruments  Model 

153  Micro VO It- Ammeter 

Scale 

Calibration 

Imv 

0.921  mv/v 

300mv 

0.314  mv/v 

lOOuv 

0.124  mv/v 
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Properties  of  AT.  Cu.  and  Ti 
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APPENDIX  E 
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Properties  of  AT,  Cu,  and  Ti 

A.  Specific  heats [pjj  at  25°C  (Ref  9:D-165) 

C(A])  = 0.215 
C(Ti)  = 0.125 
C(Cu)  = 0.092 

B.  Densities  (g/ctn*) 


P(A1)  =2.7 

(Ref  9:D-171) 

p(Ti)  = 4.5 

(Ref  9:B-171) 

p(Cu)  = 8.95 

(Ref  9:B-216) 

C.  Emissivities  (Ref  9:E-229) 
e(Al)  = 0.022  at  25°C 
E(Ti)  = 0.05  estimated 
e(Cu)  = 0.02  at  100°C 


D. 


Thermal  conductivities 
k(Al)  « 0.569 
k(Ti)  * 0.052 


[s  cm^°c] 

(Ref  9:E-10) 

(Ref  9:E-16) 


k(Cu)  * 0.957 


(Ref  9:E-13) 


E. 


Heat  convection  ratio 


disc 

h = 

Sample  1 

h * 

Sample  2 

h » 

Sample  3 

h ■ 

cal  ' 

.s  cm  ®C, 

1.36  X 10““ 
6.8  X 10“* 
8 X 10“* 

1 X 10"“ 


(Ref  5:Personal  Communication) 
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Sample  4 h = 2.06  x 10"“* 
Sample  5 h = 2.72  x lO"** 


( 


F. 


Stefan-Boltzman  number 
o = 1.37  X 10"‘2 
o^=  5.48  X 10-‘2 


cal 

s cm2{°K)‘‘ 


G.  Iron-Constantan  thermocouple  output 

0.053 

°C 

H.  Index  of  refraction  at  X = lO.Sym 

fl(Al)  = 28  + 70. 4i 
nCAljOj)  = 1.76  t O.li 
n(Ti)  = 9.5  + 18.31 
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(Ref  4:21) 

(Ref  9:E-110) 

(Ref  10:1247) 

Ref  12:6-152) 


APPENDIX  F 


Derivation  of  Error  Analysis 

The  error  analysis  is  derived  from  a classical  mathematical  approach. 
For  example,  if  a = f(x,y),  then 

f (27) 


^2 . 1 M dx  + i H dv 
a f 3x  f 3y 


For  the  isothermal  approximation,  assuming  an  Al/Cu  sample: 


a = 1 {[(pVOc  + (pVC)^]  ^ + (T-Ta)[h(A(.+A^)  + o^Ta^ 


To  accommodate  an  analysis  of  the  individual  terms,  let 


_ B 
“ P 

(30) 

= T-Ta 

(31) 

It 

(32) 

- (pVC)j,  + (pVC)^ 

(33) 

= h(A(,+Ay^)  + 

(34) 

Therefore, 


da  ^ dB  ^ dP 

T T^T 
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The  power  (P)  is  a function  of  two  instrument  factors  and  the  height 
of  the  power  curve  ()lp)  mathematically, 

P = YM£p  (36) 

where,  Y is  the  recorder  calibration  and  M is  the  power  meter  calibra- 
tion. It  follows  that 


dP  _ dY  . dM  ^ ^ 


Letting  dY  = 0.002,  Y = 0.1,  dM  = 0.0005,  M = 0.0347,  and  Dip  = 0.1, 


^ = 0.034  + ^ 


Utilizing  equations  31  - 35,  it  may  be  shown: 


dB  _ EdQ  , QdE  ^ GdF  , FdG 


Let  Q - Js,  where  0 is  the  calibration  of  the  combined  thermocouple, 
microvoltmeter,  and  recorder  system  and  s is  the  net  slope  (heating  plus 
cooling). 

Therefore, 

dQ  = sdJ  + Jds  (40) 


From  equation  (33),  it  may  be  shown: 


dE  « (pVdC)(.  + (pCdV)(.  + (CVdp)j.  + (pVdC)^  + (pCdV);^  + (CVdp)^ 


Using  equation  (34), 

dF  = (A(,+A^)  dh  + h(dA(,+dA^)  + 30iTa"  t^cV^A^^A^  '‘"'a 

+ OjTg^  [e^dAQ+A^deQ+e^dA^+A^de^]  (42) 

If  (|)  is  the  temperature  conversion  factor  and  6 is  the  maximum 
height  of  the  temperature  curve,  then, 

6 = 4)3  (43) 

and 


( 


dG  = Bd4)  + 4)d6  (44) 

The  value  for  ^ may  be  calculated  by  combining  equations  (36)  and 
(39)  and  there  subparts. 

For  a disc. 


A » irr*  + Zirrz 

V ■ irr^z 

dA  * (2Trr+2Trz)  dr  + 2Trr  dz 
dV  “ 2irrzdr  + irr^dz 

For  an  ellipse, 

p - 4.44  (a^+b^)** 

A ■ irab  + pz 

V - irabz 


(45) 

(46) 

(47) 

(48) 

(49) 

(50) 

(51) 
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f 


(52) 


dA  = [7rb+  ] da  + [Tia+  . ] db  + 4.44(a2+b2)^z 

(a"+b2)’s  (a^+b*)^ 

dV  = TTbzda  + irazdb  + uabdz  (53) 

The  following  values  were  used  in  the  error  analysis  calculations: 

drj.  = dr^  = O.OScra  (3%  error) 

dZ(,  = O.OOOScm  (0.6%) 

dz^  = 200A  (50%) 

dPc  “ ^Pa  ^ 0-0005  (0.05%) 

dC(.  = dC^  = 0.0005  (0.5%) 

dej.  = 0.02  (100%) 

de^  = 0.022  (100%) 

The  convection  coefficient  (h)  was  assumed  to  be  100  percent  in  error. 

The  above  values  were  used  regardless  of  sample  size.  To  evaluate  an 
entire  problem,  one  must  choose  a sample  and  select  an  experimental  graph 
to  determine  the  remaining  quantities.  A typical  graph  is  in  Appendix  G. 
An  error  analysis  summary  can  be  found  in  Table  5. 


( 
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1 


Incident  Power  Curve  (0.70  £i|^) 

Sample  Temperature  Curve  (0.6  °C/un1t) 


I 


APPENDIX  H 


List  of  the  Major  Experimental  Apparatus 


O 

I 


SO 


APPENDIX  H 


List  of  the  Major  Experimental  Apparatus 

].  Coherent  Radiation  Laboratories  Model  201  power  meter. 

2.  Calorimetric  power  detector  (Brand  name  undetermined).^ 

3.  Iron-Constantan  thermocouple. 

4.  Keithley  Instruments  Model  153  microvolt/ammeter. 

5.  F.  L.  Mosley  Model  7000A  x-y  recorder. 

6.  Spectra  Physics  Model  132  HeNe  laser 

7.  Coherent  Radiation  Laboratories  Model  42  CO^  laser  with  power 
supply  and  cooler. 

8.  Optical  benches  and  associated  mounts. 


‘The  power  meter  and  detector  were  calibrated  simultaneously. 
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